Objectives: To investigate equilibrium contrast-enhanced CT (EQ-CT) measurement of extracellular volume fraction (ECV) in patients with systemic amyloid light-chain (AL) amyloidosis, testing the hypothesis that ECV becomes elevated in the liver and spleen and ECV correlates with other estimates of organ amyloid burden. Methods: 26 patients with AL amyloidosis underwent EQ-CT, and ECV was measured in the liver and spleen. Patients also underwent serum amyloid P (SAP) component scintigraphy with grading of liver and spleen involvement. Mann-Whitney U test was used to test for a difference between patients with amyloid deposition (SAP grade 1-3) and those without (SAP grade 0). Variation in ECV across SAP grades was assessed using the Kruskal-Wallis test and association between ECV and SAP grades with Spearman correlation. Results: Mean ECV in the spleen and liver was significantly greater (p < 0.0005) in amyloidotic organs (SAP grade 1-3) [spleen, liver: 0.430, 0.375] compared with healthy tissues [spleen, liver: 0.304, 0.269]. ECV increased with increasing amyloid burden, showing positive correlation with SAP grade in both the liver (r = 0.758) and spleen (r = 0.867). Conclusion: In patients with systemic AL amyloidosis, EQ-CT can demonstrate increased spleen and liver ECV, which is associated with amyloid disease burden.
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Systemic amyloid lightchain amyloidosis EQ-CT Equilibrium contrast-enhanced computed tomography EQ-MRI Equilibrium contrast-enhanced magnetic resonance imaging EQ-CMR Equilibrium contrast cardiac MRI ECV Extracellular volume fraction SAP Serum amyloid P Amyloidosis is caused by the extracellular deposition of misfolded aggregated protein material, leading to organ dysfunction. Systemic amyloidosis is thought to be responsible for approximately one in 1500 deaths per year in the UK [1] . Primary systemic light-chain amyloidosis (AL amyloidosis), the most common form worldwide, commonly involves gastrointestinal organs, including the liver (62%-90%) and spleen (83%) [2] . In hepatic amyloidosis, amyloid is deposited along the sinusoids and blood vessel walls, inhibiting diffusion and causing hepatocyte compression. Hepatic involvement may lead to painful hepatomegaly, liver failure, portal hypertension, rupture, and hemorrhage. Amyloid affecting the spleen tends to infiltrate and deposit in the red pulp and blood vessel walls causing splenomegaly, and occasionally spontaneous rupture or hemorrhage [3, 4] . Histological analysis is the reference standard test for diagnosis of amyloid, but it has various shortcomings. It is invasive, carries risk of complications, and is prone to sampling error. This makes it unsuitable for evaluating the wider distribution of amyloid or disease progression [5] . Currently the only non-invasive method of assessing amyloid burden is serum amyloid P component (SAP) scintigraphy [5] . It is a very effective method for identifying and measuring amyloid in large solid organs, especially the liver and spleen, which have a fenestrated epithelium that allows efficient localisation of this large molecule. However, this radionucleotide is costly and not commercially available. There are only two centers in the world (London, UK, and Groningen, the Netherlands) [5] which currently use this technique routinely. There is otherwise no conventional imaging method to reliably diagnose amyloid deposition in the liver and spleen. Liver and spleen size measurements are commonly used to suggest deposition but this is neither specific nor reliable.
The emergence of equilibrium contrast-enhanced imaging using computed tomography (EQ-CT) and magnetic resonance imaging (EQ-MRI) has provided a powerful new tool for assessing disorders that result in interstitial expansion including myocardial and liver fibrosis, cirrhosis, and amyloidosis [6] [7] [8] [9] [10] [11] [12] [13] . Extracellular volume fraction (ECV) quantified by equilibrium contrast cardiac MRI (EQ-CMR) and EQ-CT can accurately quantify amyloid burden in the myocardium when compared with current standard of care tests for amyloid [7, 8] . EQ-MRI has already demonstrated accurate quantification of amyloid burden in the liver and spleen with validation against SAP scintigraphy [14] . However, use of the cheaper and potentially more widely available EQ-CT technique has yet to be assessed.
The purpose of our study was to test the hypothesis that ECV measured using EQ-CT increases with amyloid involvement in the liver and spleen, and to validate these results against the reference standard test of SAP scintigraphy for measuring organ amyloid load.
Materials and methods
Local ethics committee approval was obtained and all participants provided informed written consent.
Clinical evaluation
Patients with AL amyloidosis were recruited from the outpatient clinic at the National Amyloidosis Centre in London. Inclusion criteria were biopsy-proven AL amyloidosis demonstrated on Congo red and immunespecific staining. Biopsies were from various sites of the body including the kidney, heart, liver, or other soft tissues, and the site of choice was directed by the clinical presentation of the individual. Patients with impaired renal function (estimated glomerular filtration rate < 40 mL/min) and any standard contraindication to CT imaging were excluded.
Recruitment took place from January 2013 to August 2015.
Equilibrium CT imaging to measure ECV
The principles of equilibrium imaging have been described in prior work [9, 10] . In brief, iodinated contrast is an extra-vascular, extra-cellular tracer. After intravenous delivery and sufficient time for equilibration, it partitions in water between cells in blood (plasma) and tissue (interstitial fluid). The tissue interstitial volume is elevated in the setting of fibrosis, amyloid and oedema. The ratio of signal change before and after contrast in blood and tissue is the partition coefficient (ratio of volumes of distributions). If the plasma volume is substituted (1-hematocrit), the tissue extracellular volume (ECV) is obtained.
CT examinations were performed (Aquilion ONE-Toshiba Medical Systems Corporation, Otawarashi, Japan or Somatom Sensation 64-Siemens Medical Solutions, Erlangen, Germany) using the following protocol. Prior to imaging, a 5 mL blood sample was taken from each patient and sent to the laboratory to measure blood hematocrit. Patients underwent a pre-contrast CT scan to obtain baseline blood, liver, and spleen attenuation in Hounsfield units (HU). The iodinated contrast agent ioxhexol (Omnipaque 300; General Electric Healthcare, Cork, Ireland) was administered as a bolus dose (1 mL/kg at 3 ml/sec) without a saline chaser. As established in previous work, there was a five minute delay to allow for dynamic blood and organ contrast equilibration before a repeat scan was performed to measure blood, liver, and spleen attenuation [9] . Refer to Table 1 for details of scan parameters.
Image analysis was performed using open source software (OsiriX Foundation, Geneva, Switzerland) by a radiologist (10 years of experience interpreting body CT scans) who was blinded to SAP results. Slices through the mid portion of each organ were manually selected demonstrating the greatest crosssectional area. In the liver, a peripherally based wedgeshaped region of interest (ROI) was drawn in the right lobe of the liver (mean area, 35.6 cm 2 ), avoiding visible vessels or incidental hepatic lesions, while including the greatest area of liver parenchyma. Similar care was taken with the elliptical ROI drawn in the spleen (mean area, 11.1 cm 2 ). Elliptical ROI was also drawn within the abdominal aorta (mean area, 2.3 cm 2 ), with care taken to avoid the aortic wall and any atheromatous plaques. In the liver and spleen, ROI was drawn in three consecutive axial slices to obtain an average attenuation. In the aorta, this was performed in 15 consecutive slices, with more measurements taken to account for the greater inter-slice variation in attenuation due to the effects of beam hardening (due to the closer proximity of the vertebral endplates to the aorta).
The ROI was drawn on the images obtained after contrast agent administration, before being copied to a visually matched pre-contrast image (Fig. 1) . If an organ was incompletely imaged on either phase or if artefacts degraded the image significantly, the data for the organ in that individual were excluded. Mean attenuation (in Hounsfield units) for liver parenchyma, splenic parenchyma, and blood were derived, and liver and spleen ECV were calculated using the following formula:
where DHU denotes Hounsfield units in equilibrium phase minus Hounsfield units before contrast agent administration.
SAP scintigraphy
Patients with AL amyloidosis underwent scintigraphy with iodine-123-labeled SAP ( 123 I-SAP) as part of their routine assessment [15] . SAP imaging was performed within four weeks of CT imaging. Anterior and posterior whole body images were acquired using a GE Infinia gamma camera (General Electric, Milwaukee, Wisconsin) and medium-energy collimator 24 hours after administering 200 MBq 123 I-SAP. A single physician (with experience of more than 30,000 SAP imaging studies) graded the total body liver and splenic amyloid burden by visual assessment (0, no involvement; 1, small; 2, moderate; 3, large) [16] . Patients with a congestive pattern of activity in the spleen or liver on SAP scintigraphy had the affected organ excluded from analysis, as congestion prevents meaningful SAP grading.
Statistical analysis
Statistical analysis was performed using software (Prism 5.0; Graphpad, San Diego, CA, USA). Spearman correlation analysis was used to establish an association between ECV and SAP grades in the liver and spleen, with one-sided significant testing (set to p £ 0.05). ECV and SAP grades were compared using Kruskal-Wallis Results 42 patients were identified satisfying the inclusion criteria. 16 patients were excluded due to impaired renal function (eGFR < 40 mL/min). 26 patients (11 women and 15 men; median age, 63 years; age range 41-75) underwent EQ-CT assessment of their abdomen, with SAP scintigraphy as part of their routine clinical care. One patient was excluded due to congestive hepatosplenomegaly and two patients because of congestive hepatomegaly on SAP scintigraphy. Therefore, paired SAP and ECV data were available for the liver in 23 patients, and for the spleen in 24 patients ( Table 2) .
The mean attenuation in the liver, spleen, and aorta pre-contrast were 56.3 HU (range 34.3-66.4 HU), 47.6 HU (range 30.1-66.4 HU), and 42.7 HU (range 31.2-69.0 HU), respectively; and at equilibrium phase were 68.5 HU (range 49.5-82.6 HU), 62.1 HU (range 43.0-83.1 HU) and 67.7 HU (range 52.3-81.9 HU), respectively. The mean total calculated effective radiation dose for the EQ-CT protocol on the Siemens scanner was 7.03 mSv ± 1.73 mSv, and 3.14 mSv ± 1.20 mSv on the later generation Toshiba scanner.
In healthy tissue (liver and spleen with a SAP grade of zero), the median liver ECV was 0.265 [interquartile range (IQR), 0.242-0.289] and the median spleen ECV was 0.299 (IQR, 0.281-0315). In disease (liver and spleen with a SAP grade between one and three), the median liver ECV was 0.387 (IQR, 0.346-0.427) and the median spleen ECV was 0.433 (IQR, 0.365-0.500). In disease, ECV in both organs were significantly elevated compared to the healthy group [SAP grade 0] (p < 0.005) (Fig. 2) . ECV increased with SAP grade in both organs with positive correlation in both the liver (r = 0.758, 95% confidence interval 0.493-0.895) and spleen (r = 0.867, 95% confidence interval 0.707-0.943) (Fig. 3) .
Discussion
In this exploratory study, EQ-CT was used to measure ECV in the liver and spleen of patients with systemic AL amyloidosis. We found that EQ-CT could differentiate healthy liver or spleen from organs infiltrated by amyloid, and that ECV tracked disease burden. The association of ECV with SAP grade suggests that elevated ECV reflects underlying amyloid deposition. This is consistent with other studies using EQ-MRI in the heart, liver, and spleen [8, 14] and with EQ-CT assessment of cardiac amyloidosis [9] .
By developing the EQ-CT method, several of the advantages of CT over MRI can be exploited. These include cost, fewer contraindications, and simpler contrast-signal relationship.
We compared EQ-CT-derived ECV with SAP grading for each organ. SAP grading is a well-validated scoring system to visually grade amyloid burden in AA (amyloid A protein) and AL amyloidosis [5] , with high diagnostic sensitivity and specificity. However, there are limitations of SAP scintigraphy [17] . The subjective visual grading system is prone to inter-operator variability, and requires highly specialist expertise.
123 I is also costly and SAP is not readily available. EQ-CT is also advantageous in that it allows objective and quantitative measurement of amyloid burden, with the ability to evaluate regional variations in expansion of the extracellular space. Study limitations include the patient selection method, which resulted in a relatively high proportion of patients with a healthy liver and spleen. Although sufficient to demonstrate initial proof of principle, a future study should include a larger cohort of patients, distributed equally across the range of SAP grades to provide a more robust assessment of EQ-CT.
Renal impairment (eGFR < 40 mL/min), which we found in 38% of our screened population, also limited patient inclusion as compared to 20% of the screened population in a similar EQ-MRI study [14] where a lower eGFR threshold of 30 mL/min applied. Renal function could limit the use of EQ-CT for assessment of more advanced systemic disease, where renal injury is common, but not so in early disease where there is diagnostic uncertainty.
Another limitation to note is that SAP grading may not have a linear relationship with volume of amyloid deposition. Histological quantification of amyloidosis would provide a more robust standard of reference when comparing the relative accuracy of SAP grading and EQ-CT-derived ECV in future studies.
The use of dynamic contrast equilibrium for ECV measurement in amyloidosis also has limitations. The shorter protocol may not allow sufficient time for contrast equilibration throughout the markedly expanded extracellular volume that occurs in advanced disease. White et al. showed using EQ-MRI and gadolinium in the heart that the bolus and infusion equilibrium methods provide equivalent estimations up to an extracellular volume fraction of 0.4, but beyond this, the bolus technique overestimates ECV [18] .
The EQ imaging method is non-specific, measuring the tissue extracellular water fraction and other processes such as inflammation, venous congestion, and fibrosis may cause an increase in the ECV. Risk factors for these processes were not assessed here. ECV measurement by equilibrium imaging also assumes a negligible intravascular volume within tissues, which in the liver and spleen may not be the case.
Standard CT image acquisition and reconstruction techniques were used in this study. With modern multidetector scanners and reconstruction methods, image artefacts and noise are reduced, producing more precise and accurate ECV quantification at a lower dose of ionizing radiation [19, 20] . The mean size-specific dose estimate for spleen and liver equilibrium CT examination in this study was comparable to that of a standard clinical CT examination of the liver and was equivalent to approximately one year of natural background radiation in the United States for the later generation Toshiba scanner [21] (natural dose in the USA is 3.10 mSv per year).
Although the data displayed in Fig. 2 display good separation between disease and healthy groups (suggesting high test sensitivity and specificity), the study sample was too small for meaningful receiver operating characteristic curve (ROC) analysis and we have not attempted to define a diagnostic cut-off. Single and multi-scanner ECV reproducibility and repeatability were also not assessed. In developing ECV as a potential diagnostic test, these are areas which require future evaluation.
This initial study has shown that EQ-CT can identify and evaluate amyloid burden in the liver and spleen using widely available CT technology. EQ-CT then potentially offers a non-invasive tool for assessing key gastrointestinal organ involvement in patients with AL amyloidosis and has potential to aid diagnosis and treatment monitoring in the future. Ethical approval Institutional Review Board approval was obtained. All procedures performed in studies involving human participants were in accordance with the ethical standards of the Institutional Review Board and with the 1964 Helsinki Declaration and its later amendments or comparable ethical standards.
Informed consent Informed consent was obtained from all individual participants included in the study.
